and-down regulation of expression of a variety of genes including those involved in nutrient uptake. Nothing is known about possible differentiation-dependent regulation of the intestinal thiamin uptake process and the cellular and molecular mechanisms involved in such regulation. Using as models human-derived intestinal epithelial Caco-2 cells and crypt/villus epithelial cells isolated from wild-type and transgenic mice carrying promoters for human thiamin transporter-1 and -2 (hTHTR-1 and hTHTR-2), we addressed this issue. Our results showed that differentiation of Caco-2 cells is associated with a significant up-regulation in carrier-mediated thiamin uptake. Up-regulation was associated with a significant increase in the level of expression of hTHTR-1 and hTHTR-2 protein and mRNA as well as in activity of the corresponding transfected human thiamin transporter-1 (SLC19A2) and -2 (SLC19A3) promoters. Deletion analysis identified the differentiation-responsive region to be at position ؊356 to ؊275 bp for the SLC19A2 promoter and at position ؊77 to ؊13 bp for the SLC19A3 promoter. In addition, a critical and specific role in the differentiation-mediated effects for an NF1 binding site (؊348 to ؊345 bp) in the SLC19A2 promoter and a SP1/GC-box binding site (؊48 to ؊45 bp) in the SLC19A3 promoter were established using mutational analysis. The physiological relevance of in vitro findings with Caco-2 cells was confirmed in wild-type and transgenic mice by demonstrating that thiamin uptake and mRNA levels of the mouse THTR-1 and THTR-2, as well as activity of human SLC19A2 and SLC19A3 promoters expressed in transgenic mice, were all significantly higher in intestinal villus compared with crypt epithelial cells. These studies demonstrate for the first time that differentiation of intestinal epithelial cells is associated with an up-regulation in thiamin uptake process and that this up-regulation appears to be mediated via transcriptional regulatory mechanisms that involve the SLC19A2 and SLC19A3 genes.
In addition, a critical and specific role in the differentiation-mediated effects for an NF1 binding site (؊348 to ؊345 bp) in the SLC19A2 promoter and a SP1/GC-box binding site (؊48 to ؊45 bp) in the SLC19A3 promoter were established using mutational analysis. The physiological relevance of in vitro findings with Caco-2 cells was confirmed in wild-type and transgenic mice by demonstrating that thiamin uptake and mRNA levels of the mouse THTR-1 and THTR-2, as well as activity of human SLC19A2 and SLC19A3 promoters expressed in transgenic mice, were all significantly higher in intestinal villus compared with crypt epithelial cells. These studies demonstrate for the first time that differentiation of intestinal epithelial cells is associated with an up-regulation in thiamin uptake process and that this up-regulation appears to be mediated via transcriptional regulatory mechanisms that involve the SLC19A2 and SLC19A3 genes.
Thiamin (vitamin B 1 ) is involved in a variety of metabolic reactions and thus is essential for the normal functions, growth, and development of all mammalian cells (1) . Thiamin deficiency in humans results in a variety of clinical abnormalities including cardiovascular and neurological disorders (1) (2) (3) (4) . Mammals have lost their ability to synthesize thiamin and therefore must obtain the vitamin from exogenous sources by absorption in the gut. Thus, the intestinal epithelium plays an essential role in maintenance of normal thiamin body homeostasis. Previous studies from our laboratory and others have shown that the intestinal thiamin uptake process occurs via a specialized carrier-mediated mechanism (5) (6) (7) (8) (9) (10) . The molecular identity of the systems involved in the uptake process has also been recently delineated following the cloning of the thiamin transporter-1 and -2 (THTR-1 and THTR-2) 4 from a number of human and mouse tissues (11) (12) (13) (14) (15) (16) (17) (18) . Both THTR-1 and THTR-2 (the products of the SLC19A2 and SLC19A3 genes, respectively) are expressed in the human and mouse intestinal epithelial cells, and both are involved in thiamin absorption (11) (12) (13) (14) (15) (16) (17) (18) (19) . The membrane domain at which these two proteins are expressed in the polarized intestinal epithelial cells, however, was found to be different (19, 20) . Although the THTR-1 protein appears to be expressed at both the apical and the basolateral membrane domains of the polarized enterocytes, expression of the THTR-2 protein appears to be restricted to the apical membrane domain in these cells (19, 20) . Recent studies from our laboratory have also begun to address the mechanisms involved in intracellular trafficking and membrane targeting of the THTR-1 and THTR-2 proteins in intestinal and other epithelial cells (19 -21) . In addition, we have identified and characterized the 5Ј-regulatory regions of the human SLC19A2 and SLC19A3 genes in vitro in Caco-2 cells and in vivo in transgenic mice (22) (23) (24) . Furthermore, we have demonstrated that the intestinal thiamin uptake process is regulated in thiamin deficiency and by ontogeny and that these regulatory events involve transcriptional regulatory mechanisms (25, 26) .
The intestinal epithelial cells undergo maturation (differentiation) as they move along the crypt/villus axis. This differentiation event is associated with up-and down-regulation in the level of expression of a variety of genes including those involved in nutrient absorption. For example, differentiation of the intestinal epithelial cells is associated with up-regulation in the level of expression of the genes involved in the uptake of ascorbic acid and iron, whereas it is associated with a decrease in the level of expression of the genes involved in glutamine uptake (27) (28) (29) . Nothing is currently known about possible regulation of the intestinal thiamin uptake process during differentiation or about the molecular mechanism involved in any such regulation. To address these issues, we used two models: the human-derived intestinal epithelial Caco-2 cells and the mouse intestine. The Caco-2 cells differentiate spontaneously in culture upon reaching confluence and have served as a suitable in vitro model for studying various aspects of intestinal differentiation (27) (28) (29) (30) (31) (32) . The mouse represents an excellent animal model to establish the physiological relevance of in vitro observations dealing with intestinal thiamin uptake, as it expresses the orthologues of the hTHTR-1 and hTHTR-2, i.e. it expresses the Slc19a2 and Slc19a3 genes. Also, well characterized transgenic mice lines that carry functional human SLC19A2 and SLC19A3 promoters are available in our laboratory and can serve as a good model to examine the effect of differentiation of intestinal epithelial cells on promoter activities in vivo. The results of our investigations showed that differentiation of intestinal epithelial cells is associated with an up-regulation in intestinal carriermediated thiamin uptake. This up-regulation in thiamin uptake was found to be mediated (at least in part) via transcriptional regulatory mechanisms that involve induction in the activities of both the human SLC19A2 and SLC19A3 genes.
MATERIALS AND METHODS

Custom-made [
3 H]thiamin (specific activity Ͼ30 Ci/mmol; radiochemical purity Ͼ98.0%) was obtained from American Radiolabeled Chemical (St. Louis, MO). All other chemicals, reagents, and kits were of analytical/molecular biology grade and were obtained from commercial sources.
Cell Culture and Uptake Studies-The human-derived intestinal epithelial Caco-2 cells (ATCC, Manassas, VA) were plated at a density of 2 ϫ 10 5 cells/well onto 12-well plates. Uptake studies were performed (between passage 23 and 36) on pre-confluent (1 day after seeding), confluent (3 days after seeding when cells were visibly confluent), and post-confluent (5 days after seeding 3 days after confluence) monolayers of Caco-2 cells. Uptake was measured at 37°C in Krebs-Ringer buffer (in mM: 133 NaCl, 4.93 KCl, 1.23 MgSO 4 , 0.85 CaCl 2 , 5 glucose, 5 glutamine, 10 HEPES, and 10 MES, pH 7.4). Labeled and unlabeled thiamin were added to the incubation medium at the onset of incubation, and uptake was examined during the initial linear period (9) . The reaction was terminated by the addition of 2 ml of ice-cold buffer followed by immediate aspiration. Cells were then rinsed twice with ice-cold buffer, digested with 1 ml of 1 N NaOH, neutralized with HCl, and then measured for radioactive content using a scintillation counter. Protein content of cell digests was measured in parallel wells by using a Bio-Rad D c protein assay kit.
Isolation of Mouse Villus and Crypt Intestinal Epithelial Cells and Uptake Studies-Mouse villus and crypt intestinal epithelial cells were isolated as described previously (33) using a well established fractionation procedure (34) . Using this procedure, we collected 10 consecutive fractions. Fraction 1 and 2 represented mostly villus tip cells, and fraction 9 and 10 represented mostly crypt cells. We verified the relative purity of the cells by determining the level of activity of alkaline phosphatase (a marker for villus epithelial cells) and thymidine kinase (a marker for crypt epithelial cells) in the combined fractions 1-2 and 9 -10. The results showed the alkaline phosphatase activity to be enriched by 5.52 Ϯ 0.3-fold in fractions 1-2 over fractions 9 -10. Thymidine incorporation, an index of thymidine kinase activity, was found to be 4.4 Ϯ 0.2-fold higher in fraction 9 -10 than in fraction 1-2. These findings clearly indicate the successful separation of villus and crypt cells and demonstrate their relative purity. Uptake of [ 3 H]thiamin by villus and crypt cells was measured as described previously (35) using an established rapid filtration technique (36) at 37°C in Krebs-Ringer buffer at pH 7.4. Labeled and unlabeled thiamin was added to the incubation medium at the onset of incubation, and uptake was examined during the initial linear period of uptake (data not shown).
Real-time Quantitative PCR (qPCR) and Western Blot Analysis-Realtime quantitative PCR was performed using the Bio-Rad iCycler and a Qiagen Quantitect SYBR Green PCR kit (Valencia, CA). RNA from pre-confluent, confluent, and post-confluent Caco-2 cells and from mouse villus and crypt cells was isolated using Trizol (Invitrogen) according to the manufacturer's procedure. The RNA was DNasetreated and first strand cDNA was made from 5 g of the isolated total RNA primed with oligo(dT) using an Invitrogen Superscript synthesis system. A dilution series of the reverse transcriptase products (1, 1/10, and 1/100) was then used in the subsequent qPCR. Primers used in the qPCR were specific for the human SLC19A2 (forward, 5Ј-AGCCA-GACCGTCTCCTTGTA-3Ј; reverse, 5Ј-TAGAGAGGGCCCACCA-CAC-3Ј), the human SLC19A3 (forward, 5Ј-TTCCTGGATTTAC-CCCACTG-3Ј; reverse, 5Ј-GTATGTCCAAACGGGGAAGA-3Ј), the mouse Slc19a2 (forward, 5Ј-GTTCCTCACGCCCTACCTTC-3Ј; reverse, 5Ј-GCATGAACCACGTCACAATC-3Ј), the mouse Slc19a3 (forward, 5Ј-TCATGCAAACAGCTGAGTTCT-3Ј; reverse, 5Ј-ACT-CCGACAGTAGCTGCTCA-3Ј), or the mouse/human ␤-actin (forward, 5Ј-AGCCAGACCGTCTCCTTGTA-3Ј; reverse, 5Ј-TAGAGA-GGGCCCACCACAC-3Ј). The qPCR was performed as described previously (26) . To determine the relative level of expression of SLC19A2 and SLC19A3 in Caco-2 cells at different differentiation states and that of the Slc19a2 and Slc19a3 in mouse intestinal villus/crypt cells, we utilized a calculation method provided by the iCycler manufacturer (Bio-Rad) as described in the legends of Figs. 2 and 6.
Western blot analysis was performed as described by us previously (10, 19, 35) using polyclonal antibodies specifically designed for either hTHTR-1 or hTHTR-2 proteins (Sigma-Genosys, The Woodlands, TX). Membrane proteins (30 g) were isolated from pre-confluent, confluent, and post-confluent Caco-2 cells using a Mem-PER eukaryotic membrane protein extraction reagent kit (Pierce). The densities of specific bands were determined (as unit-less measurements) using the UN-SCAN-IT gel TM automated digitizing system, version 3.1 (Silk Scientific Corp.) and were compared on the individual blots.
Transfection and Reporter Gene Assay-SLC19A2 and SLC19A3 promoter-luciferase reporter constructs, including deleted constructs and constructs mutated in consensus sites for transcription factors, utilized in this study were generated previously (22) (23) (24) . Caco-2 cells were cotransfected in 12-well plates at less than 50% confluency with 2 g of each test construct and 100 ng of the Renilla transfection control plasmid Renilla luciferase-thymidine kinase (pRL-TK) (Promega, Madison, WI). Transfection was performed with Lipofectamine reagent (Invitrogen) according to the manufacturer's instructions. Cells were then harvested the next day after transfection (pre-confluence), at 2-3 days after transfection (confluence), or at 3 days after reaching confluence (postconfluence), and Renilla-normalized firefly luciferase activity was determined by using the Dual Luciferase Assay system (Promega). Data are presented as means Ϯ S.E. of at least three independent experiments and given as -fold over pGL3-Basic expression set arbitrarily at 1.
Luciferase Analysis in Transgenic Mice-Transgenic mice carrying the 320-and 2,016-bp SLC19A2 or SLC19A3 promoters fused to the firefly luciferase reporter gene were used in this investigation and have been well characterized previously (23, 24, 26) . For transgene assays, villus and crypt cells isolated from jejunum as described earlier (33, 34) were homogenized in ice-cold passive lysis buffer (Promega), and clarified (25,000 ϫ g, 10 min) homogenates were taken for measurement of the firefly luciferase activity using a luciferase assay system. Luciferase activity was normalized to total protein concentration for each sample.
Data Presentation and Statistical Analysis-All measurements were made on at least three separate samples. Uptake data presented in this article are means Ϯ S.E. of multiple separate uptake determinations and are expressed in fmol/mg of protein/unit of time. One-way analysis of variance and Student's t test were used for statistical analysis. p Ͻ 0.05 was considered statistically significant. Uptake of thiamin by the carriermediated system was determined by subtracting uptake by simple diffusion (determined from the slope of the line between uptake at high pharmacological concentration of 1 mM and the point of origin) from total uptake.
RESULTS
Effect of Differentiation on Carrier-mediated Thiamin Uptake by
Caco-2 Cells-We examined the effect of Caco-2 cell differentiation on the initial rate of carrier-mediated uptake of a physiological concentration of [ 3 H]thiamin (15 nM). The results showed thiamin uptake to be significantly (p Ͻ 0.01) increased with differentiation (76 Ϯ 2, 172 Ϯ 3, and 195 Ϯ 6 fmol/mg of protein/3 min for pre-confluent, confluent, and post-confluent Caco-2 cells, respectively) (Fig. 1) . These findings clearly show that differentiation of Caco-2 cells is associated with a significant up-regulation in carrier-mediated thiamin uptake.
Effect of Differentiation on the Level of Expression of hTHTR-1 and hTHTR-2 Protein and mRNA-In the first study we examined the effect of differentiation on the level of expression of the hTHTR-1 and hTHTR-2 proteins. This was performed by Western blot analysis using Caco-2 cell membrane preparations isolated at each differentiation state and specific polyclonal antibodies against the individual transporter. The results showed that the hTHTR-1 and hTHTR-2 protein levels significantly (p Ͻ 0.01) increased with differentiation from preconfluence to confluence to post-confluence with the highest levels observed in the post-confluent cells (Fig. 2A) . Densities of the specific bands (in arbitrary units) were 7.12 Ϯ 0.6, 16.05 Ϯ 0.3, and 20.11 Ϯ 0.4 for the hTHTR-1 at pre-confluence, confluence, and post-confluence, respectively, and 3.07 Ϯ 0.8, 7.96 Ϯ 0.4, and 15.4 Ϯ 0.6 for hTHTR-2 at pre-confluence, confluence, and post-confluence, respectively.
In another study, we determined the effect of differentiation on the level of expression of the hTHTR-1 and hTHTR-2 mRNA using total RNA isolated from pre-confluent, confluent, and post-confluent Caco-2 cells and qPCR. The results showed that the level of both mRNAs (normalized to ␤-actin) increased significantly (p Ͻ 0.01) with differentiation from pre-confluence to confluence to post-confluence, with the highest levels being observed in the post-confluent cells (Fig.  2B) . These results suggest that differentiation-dependent up-regulation in carrier-mediated thiamin uptake in Caco-2 cells may involve (among other things) transcriptional regulatory mechanisms.
Effect of Differentiation on Activity of the Human SLC19A2 and SLC19A3 Promoters Transfected into Caco-2 Cells and Identification of
the Differentiation-responsive Regulatory Regions-In these studies, we investigated the effect of differentiation of Caco-2 cells on the activity of the SLC19A2 and SLC19A3 promoters fused to the firefly luciferase reporter gene transiently transfected into Caco-2 cells. Gene constructs containing the full-length SLC19A2 promoter (Ϫ2250 to Ϫ36 bp) and the full-length SLC19A3 promoter (Ϫ1957 to ϩ59 bp) upstream of a firefly luciferase gene were transiently transfected into pre-confluent (less than 50% confluency) Caco-2 cells. Luciferase activity was then determined in pre-confluent (20 -24 h after transfection), confluent, and post-confluent (3 days after confluence) cells. The results (Fig. 3A) showed that promoter activity of both of the thiamin transporters to significantly (p Ͻ 0.01) increase with cell differentiation.
To identify the differentiation-responsive region of the SLC19A2 and SLC19A3 promoters, we used deletion constructs of each promoter and determined their activity in pre-confluent, confluent, and post-confluent Caco-2 cells. The results (Fig. 3B) showed that for the SLC19A2 promoter, the differentiation-responsive region is encoded in a sequence between Ϫ356 and Ϫ275. This is based on the observation that progressive deletions of the SLC19A2 promoter were not associated with a disappearance of the differentiation effect until the deletion reached the Ϫ275 to Ϫ121-bp construct; thus, this fragment does not contain the differentiation-responsive region, suggesting that the previous construct, i.e. Ϫ356 to Ϫ121 bp, does contain the responsive region. For the SLC19A3 promoter, the differentiation-responsive region was found to be encoded in a sequence between Ϫ77 and Ϫ13 (Fig. 3C) . The identified differentiation-responsive regions of SLC19A2 and SLC19A3 promoters have been shown previously to contain cisregulatory elements that are important for the basal activity of these promoters (23, 24) . A NF1 binding site in the SLC19A2 minimal pro- A, Western blot analysis was performed using cell membrane preparations (30 g) isolated from pre-confluent, confluent, and post-confluent Caco-2 cells and probed with polyclonal antibodies specific for hTHTR-1 and hTHTR-2 (see "Materials and Methods"). Immunodetection was performed using the ECL system. B, real-time quantitative PCR was performed using gene-specific primers and total RNA from pre-confluent, confluent, and post-confluent Caco-2 cells. Primers and PCR conditions used are described under "Materials and Methods." Data (mean Ϯ S.E.) are from at least three separate sets of cells and were normalized relative to ␤-actin and calculated using a relative relationship method supplied by the iCycler manufacturer (Bio-Rad).
moter and a SP1/GC-box binding site in the SLC19A3 minimal promoter were shown to be important for basal transcriptional activity. We, therefore, next examined the role of these sites in mediating the differentiation effect on promoter activity in Caco-2 cells.
Role of Specific cis-Regulatory Elements in the Differentiation-responsive Region of the SLC19A2 and SLC19A3 Promoters in Mediating the
Differentiation Effect-As stated in the previous section, the differentiation-responsive region of the SLC19A2 promoter contains a NF1 binding site that is important for basal activity of this promoter (23) , whereas the SLC19A3 promoter contains an SP1/GC-box binding site that is important for its basal activity (24) . In this study, we investigated the possible role of these sites in mediating the differentiation effect on the activity of SLC19A2 and SLC19A3 promoters.
This was achieved by examining the effect of mutating these sites on the differentiation-dependent responses in the two promoters. The results (Fig. 4A) showed that mutating the NF1 site in the SLC19A2 promoter (position Ϫ348 to Ϫ345 bp) leads to a marked abatement of the differentiation-dependent response. On the other hand, mutating an SP1 site located outside the differentiation-dependent response region (position Ϫ230 to Ϫ227 bp) failed to affect the differentiation-dependent response on the SLC19A2 promoter activity. These findings suggest a critical and specific role for the NF1 site in mediating the differentiation-dependent response on the SLC19A2 promoter.
We also studied the effect of mutating the SP1/GC-box binding site of the SLC19A3 promoter (position Ϫ48 to Ϫ45 bp) in mediating the differentiation effect on the activity of this promoter. This was performed by introducing two and three nucleotide mutations in the core sequence of this cis-regulatory element. The results (Fig. 4B) showed that such mutations lead to disappearance of the differentiation-mediated effect on the SLC19A3 promoter activity. On the other hand, mutating an NF1 site located at position Ϫ28 to Ϫ25 bp failed to affect the differentiation-dependent response on the SLC19A3 promoter activity. These findings suggest an important and specific role for the SP1/GC-box in mediating the differentiation-dependent response on the SLC19A3 promoter. 
Thiamin Uptake in Mouse Crypt and Villus Intestinal Epithelial Cells-
To establish the physiological relevance of our in vitro findings on the differentiation-associated up-regulation of the thiamin uptake process in Caco-2 cells to the native intestine, we examined thiamin uptake in intestinal crypt and villus epithelial cells isolated from mouse jejunum by an established procedure (33, 34) . The results (Fig. 5) showed that the carrier-mediated uptake of thiamin (25 nM) is significantly (p Ͻ 0.01) higher (5.5-fold) in the mature differentiated villus epithelial cells compared with that of the immature (undifferentiated) crypt (160.02 Ϯ 13.4 and 29.16 Ϯ 7.2 fmol/mg of protein/10 min, respectively). These findings suggest that differentiation of native intestinal epithelial cells is also associated with a significant up-regulation in carrier-mediated thiamin uptake, as seen with the cultured intestinal epithelial Caco-2 cells.
Level of mTHTR-1 and mTHTR-2 mRNA in Mouse Crypt and Villus Intestinal Epithelial
Cells-In this study we examined the level of mTHTR-1 and mTHTR-2 mRNA in crypt and villus epithelial cells of the mouse jejunum to determine whether the state of cell differentiation also affects the level of these messages in the native intestine. The results (Fig. 6) showed that the level of mTHTR-1 and mTHTR-2 mRNA (normalized to ␤-actin) is significantly (p Ͻ 0.01) higher in villus compared with crypt intestinal cells. These findings suggest the possible involvementof(atleastinpart)transcriptionalmechanismsinthedifferentiationdependent up-regulation of thiamin uptake in native intestinal epithelial cells.
Activity of the SLC19A2 and SLC19A3 Promoters in Crypt and Villus Intestinal Epithelial Cells of Transgenic Mice Carrying These Promoters-
To test the above stated possibility, we examined the activity of the SLC19A2 and SLC19A3 promoters in intestinal crypt and villus epithelial cells isolated from the jejunum of the transgenic mice carrying the human SLC19A2 or SLC19A3 promoters fused to the firefly luciferase reporter gene. These transgenic mice have been well characterized in our laboratory in previous investigations (23, 24, 26) . The results showed 3 Ϯ 0.1-fold higher activity of the SLC19A2 promoter in villus compared with crypt intestinal epithelial cells. Similarly, activity of the SLC19A3 promoter was found to be 6 Ϯ 0.2-fold higher in villus compared with crypt epithelial cells. These data support the suggestion that the differentiation-dependent increase in the level of messages of the thiamin transporters in intestinal epithelial cells is mediated (at least in part) via transcriptional regulatory mechanisms.
DISCUSSION
The aim of this study was to investigate the possible effect of differentiation of intestinal epithelial cells on the physiological and molecular parameters of the thiamin uptake process. The human-derived intestinal epithelial Caco-2 cells were used as an in vitro model of differentiation of intestinal epithelial cells because they differentiate spontaneously in culture upon reaching confluence and acquire the phenotype of mature absorptive epithelial cells (30) . First, we examined the effect of cell differentiation on carrier-mediated thiamin uptake and found the uptake to increase significantly with differentiation of Caco-2 cells from pre-confluent to confluent to post-confluent conditions. The largest increase in thiamin uptake was observed in the transition from preconfluence (proliferation) to confluence (beginning of differentiation). This progressive increase in thiamin uptake with the differentiation state of the cells was associated with a significant increase in the level of protein and mRNA expression of both of the human thiamin transporters, hTHTR-1 and hTHTR-2. Both of these transporters have been shown by us previously (using a small interfering RNA approach) to be involved in carrier-mediated thiamin uptake by Caco-2 cells and together account for the total carrier-mediated uptake of the vitamin (19) . The increase in the mRNA level of both thiamin transporters with differentiation suggests the possible involvement of transcriptional regulatory mechanisms as mediators of the differentiation-dependent effect. To test this possibility, we examined the activity of the SLC19A2 and SLC19A3 promoters in pre-confluent, confluent, and post-confluent Caco-2 cells and found a significant induction in the activity of both promoters with differentiation. These findings clearly indicate the involvement of transcriptional regulatory mechanisms in the differentiation-mediated effect on SLC19A2 and SLC19A3 genes. To determine the differentiation-responsive regions in the SLC19A2 and SLC19A3 promoters, we performed deletion analysis and found the differentiation-responsive regions to be at Ϫ356 to Ϫ275 bp and Ϫ77 to Ϫ13 bp for SLC19A2 and SLC19A3 promoters, respectively. It is interesting to mention here that both of these regions were found previously to be within the minimal region required for basal activity of the SLC19A2 and SLC19A3 promoters (23, 24) . Similar findings were obtained with other genes in Caco-2 cells where the differentiation-responsive regions were found to be associated with the minimal regions required for basal activity of their promoters (31, 32) . To determine the cis-regulatory element(s) in the differentiation-responsive regions responsible for the differentiation-dependent promoter activation, we tested (by means of mutational analysis) the possible involvement of the NF1 binding site in the SLC19A2 promoter and the SP1/GC-box binding site in the SLC19A3 promoter in the differentiation effect. We focused on these cis-regulatory elements because previous studies from our laboratory identified these elements as having an important role in determining the activity of the SLC19A2 and SLC19A3 minimal promoters (23, 24) . Our findings showed the NF1 binding site located in the SLC19A2 promoter at position Ϫ348 to Ϫ345 bp to be important in mediating the differentiation effect. The role of NF1 appears to be specific, as mutating an SP1 site located outside the differentiation-responsive region failed to affect the differentiation-mediated response on SLC19A2 promoter activity. For the SLC19A3 promoter, our mutational analysis showed the involvement of a SP1/GC-box binding site (position Ϫ48 to Ϫ45 bp) in mediating the differentiation effect on the SLC19A3 promoter in Caco-2 cells. Again, the effect appears to be specific, as mutating an NF1 site at position Ϫ28 to Ϫ25 bp of the SLC19A3 promoter failed to affect the differentiation-mediated response.
To establish the physiological relevance of our in vitro findings with Caco-2 cells to the native intestine, we used wild-type and transgenic mice to examine the effect of differentiation on the parameters of thiamin uptake. Carrier-mediated thiamin uptake was found to be significantly higher (5.5-fold) in the differentiated epithelial cells of the villi compared with the undifferentiated cells of the crypt. This was associated with the higher mRNA levels of the mouse endogenous thiamin transporters 1 and 2 (i.e. Slc19a2 and Slc19a3, the orthologues of the human SLC19A2 and SLC19A3, respectively) in the villus compared with the crypt epithelial cells. This again suggests the possible involvement of transcriptional regulatory mechanisms in the observed effect. To test this possibility, we examined the activity of the human SLC19A2 and SLC19A3 promoters in the crypt and villus of the jejunum of transgenic mice carrying these functional promoters. Our results showed that activity of both the SLC19A2 and the SLC19A3 promoters was markedly higher in the differentiated cells of the villus tip compared with those of the crypt, confirming the involvement of transcriptional regulatory mechanisms in mediating (at least part) of the observed differentiation-dependent effect.
In conclusion, our results show for the first time that differentiation of intestinal epithelial cells is associated with an up-regulation in thiamin uptake. This up-regulation appears to be mediated (at least in part) via the transcriptional regulatory mechanisms of both THTR-1 and THTR-2. In addition, a NF1 binding site (Ϫ348 to Ϫ345 bp) in the SLC19A2 promoter and a SP1/GC-box binding site (Ϫ48 to Ϫ45 bp) in the SLC19A3 promoter appear to play a critical role in mediating the differentiation-dependent activation of these promoters.
